Abstract.-The high molecular weight RNA (520o,, = 69S) of murine sarcomaleukemia virus (MSV-MLV) complex dissociated into 37S subunits when heated to 950C for 2 minutes. Specific annealing tests revealed that the viral RNA had complementarity with two heterogeneous RNA species from the nuclei of cells (78 Al) transformed by and chronically infected with this virus complex. The two nuclear RNA species that hybridized with the viral RNA had sedimentation constants ranging from 31-36S and 18-22S, respectively. There was no specific annealing between viral RNA and the cytoplasmic RNA of the 78 Al cells. The detection of the complementary RNA strands of MSV-MLV suggests that this oncogenic virus complex may replicate in a fashion similar to that of the nononcogenic RNA viruses, but may differ in that the complementary strands are found in the nucleus rather than in the cytoplasm of the transformed cells.
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It has been well established that murine and avian RNA tumor viruses contain a major single-stranded RNA component with a sedimentation coefficient (S20, w) of approximately 70S, and an estimated molecular weight of about 107 daltons.1-4 More recent studies suggest that these RNA molecules may indeed be composed of several subunits of 2-3 X 106 daltons held together by heat-labile hydrogen bonds. [5] [6] [7] In our recent studies with the 78 Al cell line of rat embryo fibroblasts that had been transformed by the murine sarcoma-leukemia virus (MSV-MLV) complex, 8 we found that a large number of virus particles were produced and released by these cells but that no intracellular viral RNA could be detected. Treatment of cells with cycloheximide resulted in an intracellular accumulation of singlestranded high molecular weight RNA with the same base composition and ribonuclease sensitivity as that of the extracellular virus. 4 In this report, we describe the isolation of RNA species from transformed 78 Al cells that hybridize specifically with RNA from MSV-MLV complex. We have found that the complementary viral RNA was associated with the cell nuclear RNA and sedimented as two heterogeneous components in a sucrose density gradient. One of the nuclear RNA components that hybridized with the viral RNA had sedimentation constants ranging from 31-36S and the other had sedimentation constants ranging from 18-22S. These results suggest that the viral RNA may be synthesized in 31-36S subunits to be assembled in the cell in some fashion as 69S RNA aggregate in the virus. Tris-HCl (pH 7.4), 1.5 X 10-i M MgCl2; Phenol m-cresol mixture: 500 gm Phenol, 70 ml m-cresol (freshly distilled), 0.5 gm 8-hydroxyquinoline and 55 ml of 0.15 M NaCl.
Cell cultures and media: The 78 Al cell line of rat embryo fibroblasts transformed by and chronically infected with MSV-MLV8 was grown in Eagle's medium with 10% calf serum and 0.075% NaHCO3 as already described.4 Normal rat (Sprague-Dawley strain) embryo fibroblasts4 were used as controls.
Cell fractionation: Twelve to 20 hr old cell monolayers were trypsinized and washed three times with TNM and once with hypotonic buffer,9 and the nuclei were isolated by the citric acid-sucrose method.'0 Examination under a phase contrast microscope revealed that the nuclear preparation was devoid of cytoplasmic contamination.
Preparation of the radioactive virus: The radioactive virus particles from the supernatant fluid were purified and quantitated as already described.4 11
Isolation of RNA: (a) Viral RNA: Sterile conditions were used to isolate the nucleic acid. The purified virus (with a density of 1.16 gm cm-3 in sucrose) was diluted threefold in TNE. Dithiothreitol (0.5% w/v) and SDS (to make 0.5%) were added to the virus suspension. After 3-5 min incubation at room temperature, the lysed virus preparation was chilled in an ice bath and the RNA was isolated by slight modification of methods described.4' 12, 1 An equal volume of phenol m-cresol mixture was added to the virus lysate and the mixture was shaken gently at 0-40C for 10 min. The aqueous layer was carefully removed after centrifugation at 8000 X g for 10 min and NaCl was added to a concentration of 0.5 M. This mixture was again deproteinized in the phenol m-cresol mixture at 40C and the aqueous layer removed after centrifugation.
To remove the slowly sedimenting (4-7S) RNA component of the virus, the aqueous phase was treated with sodium benzoate (0.07 M) and m-cresol (0.15 vol). The resulting precipitate was centrifuged at 10,400 X g for 10 min and dissolved in cold 0.15 M sodium acetate. After two cycles of precipitation with 90% ethanol at -20'C, the RNA was dissolved in TNE.4 (b) Cellular RNA: Cellular RNA was isolated from 12-20 hr old monolayers containing about 107 cells in 16-oz bottles. The culture fluid was removed and after washing three times in cold TNM buffer, the cells were incubated for 5 min at room temperature in 2 ml of TNM containing 0.02% SDS. After treatment with ribonuclease-free DNase (50 ,ug/ml) for 3 min at room temperature, dithiothreitol (0.5% w/v), EDTA (5 X 10-i M) and SDS (to make 1%) were added to the mixture. After 5 min at room temperature, 2 ml of cold phenol m-cresol mixture was added and the mixture shaken vigorously for 10 min at 40C. Two ml of chloroform containing 1% isoamyl alcohol was added at room temperature to increase the density of the organic phase. After shaking in a vortex mixer for 2 min, the mixture was centrifuged at 40C for 5 min at 5000 X g. The organic phase was removed with a Pasteur pipette and the precipitate was left in the aqueous phase.'4 The procedure of deproteinization was repeated three times and the aqueous layer was removed. Two volumes of 90% ethanol were then added and the mixture was allowed to stand for 1 hr at -20oC. The resulting precipitate was centrifuged at 12,000 X g for 1/2 hr and dissolved in TNM buffer. Electrophoretically purified DNase (RNase-free) was again added (50 /Ag/rnl) and incubated for 15 min at 370C. The solution was again deproteinized as described above, and the RNA in the aqueous layer was obtained as described for viral RNA.
Concentrations of the RNA in solutions were estimated from determination of absorbancy at 260 m~ubased on the extinction coefficient at 8100/mole of phosphorus or 25.0 mg'l ml'-."s Velocity sedimentation of RNA in sucrose gradients: The RNA preparation dissolved in 0.25 ml of TNE buffer was layered o01 top of 5.0 ml of a linear sucrose gradient (5-30%
in TNE) and was centrifuged for 2 hr at 60,000 rpm (cellular RNA), or for 1 hr at 64,000 rpm (viral RNA) in a Spinco SW65 rotor at 5C. Except where otherwise indicated, fractions of 0.25 ml were collected from the gradients by means of a density gradient fractionator attached to a continuously recording ultraviolet light analyzer and recorder (model 180, Instruments Specialties Co., Lincoln, Nebr.). The sedimentation constant of RNA species was calculated by methods of Martin and Ames'6 with 23S ribosomal RNA of E. coli as a sedimentation marker. Hybridization of RNA species: Hybridization of viral RNA with cellular RNA was done in four steps based on a slight modification of the method described by Weissman et al." (1) Radioactive viral RNA was heated at 950C for 2 min and then rapidly chilled in an ice bath. (2) Nonradioactive cellular RNA was denatured by heat in an ethylene glycol bath at 1200C for 3 min and then rapidly chilled. (3) Appropriate amounts of radioactive viral RNA were mixed with saturating levels of non-radioactive cellular RNA and annealed in the presence of 2.5 X SSC in a water bath at 850C for 2 hr in sealed ampules; then this mixture was allowed to cool slowly to 370C overnight. (4) The annealed RNA was treated with 20 ,ug RNase at 370C for '/2 hr to remove any singlestranded RNA. After chilling to 40C, cold BSA solution (200 Mg) was added and the mixture was precipitated with an equal volume of 10% trichloroacetic acid (TCA), filtered in 0.45 u millipore filters, washed, and dried; its radioactivity was measured in a Beckman LS-250 scintillation spectrometer.
Results.-Sedimentation of extracellular viral RNA: The RNA of the MSV-MLV complex was isolated by the phenol m-cresol method and the slow sedimenting (4-7S) RNA component was removed with sodium benzoate and mcresol treatment. When centrifuged in a 5-30 per cent sucrose density gradient, the viral RNA had a sedimentation coefficient of 69S. When the 69S viral RNA was heated at 950C for 2 minutes and centrifuged in a 5-30 per cent sucrose density gradient, it sedimented as a prominent leading band at the 37S region (Fig.  1) . Trailing RNA from unlabeled transformed cells and from H3-uridine labeled virus was isolated and the low molecular weight (4-7S) RNA was removed to avoid nonspecific annealing. When 0.22 ,ug of the H3-uridine labeled viral RNA (2 X 104 cpm/,gg) was annealed with increasing amounts of cellular RNA, a plateau was reached with 50 ,ug and no further annealing occurred with up to 200 ,g (Fig. 2) .
Accordingly, 50 jig of cellular RNA was uniformly used in subsequent experiments, unless otherwise specified, for hybridization with a maximum of about 0.25 lug of viral RNA. RNA. The results presented in Table 2 show that 30. The result of such a centrifugation is presented in Figure 3A . When treated with sodium benzoate and m-cresol during isolation procedure to remove low molecular weight RNA, the specific activity did not change significantly. The sedimentation pattern of about 80,ug of such nuclear RNA preparation remained unchanged for the RNA species sedimenting in the 18-228 region and the 28-39S region. The small peak of 45S RNA also remained unchanged (Fig. 3B ). When 80 ;ig of this RNA was treated with 10 jig RNase for '/2 hour at 370C, a RNase resistant fraction of the RNA sedimenting in the 18-22S region of the sucrose gradient was observed (Fig. 3C) . Centrifugation was done in a sucrose gradient (5-30% w/v) in TNE for 2 hr at 60,000 rpm in a Spinco SW65 rotor at 50C. Fractions of 0.25 ml were collected and radioactivity of each fraction was determined as described in Figure 1. PRoc. N. A. S.
BIOCHEMISTRY: BISWAL AND BENYESH-MELNICK
Identification of complementary viral RNA among nuclear RNA fractions: In order to identify the complementary strand of the viral RNA in the nuclear RNA of the transformed cells, unlabeled nuclear RNA was layered on top of 28 ml of a 5-30 per cent sucrose density gradient and centrifuged at 20,000 rpm for 16 hours at 4VC in a Spinco SW25.1 rotor. One-ml fractions were collected from the top of the gradient with the aid of a fractionator, as already described. Fractions representing 18-22S and 31-36S of the nuclear RNA were pooled separately and precipitated in two volumes of ethanol. The precipitate was obtained by centrifugation at 18,800 X g for 1/2 hour and dissolved in SSC. Preliminary hybridization experiments proved that 15 ,g of 31-368 RNA and 25 ,g of 18-22S RNA were sufficient to saturate 0.25 ,og of the viral RNA. Table 3 shows that both these nuclear RNA components of the transformed cells hybridized with the labeled viral RNA. Fractions of corresponding sedimentation present in nuclear RNA from control RE-2 cells or in cytoplasmic RNA of transformed and control cells did not hybridize with the viral RNA above the background level.
Specificity of annealing: In order to test the specificity of annealing of the 78 Al nuclear RNA with the viral RNA, we added unlabeled RNA from various sources to the hybridization reaction mixture containing 15 ,ug of 31-36S nuclear RNA of 78 Al cells and H3-RNA of MSV-MLV. Table 4 shows that the nuclear or cytoplasmic RNA of the control RE-2 cells did not compete with the viral RNA. In the present study, we have been able to isolate virus specific RNA's from the 78 Al cells. We feel that this may be due in part to technical reasons. The technique used to deproteinize the cellular RNA at low temperature 12' ' may have prevented degradation of the viral specific RNA's in the transformed cells. In addition, increasing the density of the organic phase by chloroform and isoamyl alcohol'4 may also have prevented the loss of heavy RNA molecules. In part, our success may be due to the favorable situation presented by the cells used.
Heated extracellular viral RNA (S20,wl = 37S or less) was used to detect, by hybridization, its complementary strand present in the cellular RNA. Two heterogeneous species of nuclear RNA separable by sucrose density gradient sedimentation annealed with the viral RNA. The 31-36S RNA annealed more efficiently than the 18-22 S RNA (Table 3) .
Preliminary characterization of the nuclear RNA's that hybridized with the viral RNA indicate that those sedimenting in the 31-36S region contained only single-stranded molecules, whereas those sedimenting in the 18-22S region contained mostly double-stranded molecules. Experiments are now in progress to separate and characterize the viral-specific RNA's present in these nuclear RNA fractions.
It is also significant to note the nuclear site of synthesis of the RNA's of the AISV-MLV. This is in accord with the finding that the group-specific antigen of the murine leukemia virus is first detected in the nucleus and later in the perinuclear region migrating to the cytoplasm. 22' 23 VOL. 64, 1969 BIOCHEMISTRY: BISWAL AND BENYESH-MELNICK Our finding of the complementary RNA strands of \ISV-1\ILV in the 78 Al cells would suggest that virus replication in this system follows the general pattern of replication of nononcogenic RNA viruses and would tend, therefore, to decrease the need for postulating a DNA intermediate. 24 The inhibition of viral replication by inhibitors of DNA synthesis25 or by actinomycin D could then be explained by a requirement for cellular gene functions in viral replication.
